ABSTRACT This study was conducted to determine whether the storage conditions and the levels of psyllium in the diet modulate its hypocholesterolemic effects. Seventy-five male Sprague-Dawley rats, age 90 d, were randomly divided into five treatment groups and were fed cholesterol-containing diets for 21 d. Diets included 10% cellulose (control); 5 or 10% psyllium stored 8 mo at 5ЊC (PS 5 ); or 5 or 10% psyllium stored 8 mo at 40ЊC (PS 40 ). The higher storage temperature caused a gradual decrease in molecular weight of the psyllium, as measured by changes in solution viscosity. Hepatic rates of sterol synthesis were significantly (P õ 0.001) higher in all of the psyllium-fed rats compared with control rats [21 { 2, 312 { 35, 464 { 40, 328 { 49 and 439 { 57 nmol [ 3 H]digitonin-precipitable sterol (DPS)/(g liverrh), respectively, for control, 5% PS 5 , 10% PS 5 , 5% PS 40 and 10% PS 40 ]. A similar trend was observed in intestinal rates of sterol synthesis, and the difference was significant (P õ 0.05) for all treatment groups except the 5% PS 5 -fed group compared with the control group. Liver total cholesterol and total lipid concentrations were significantly lower in all psyllium-fed rats compared with controls. There were no significant differences in serum total cholesterol concentrations among the psyllium-fed groups, although serum cholesterol levels in both the PS 5 -fed groups were significantly (P õ 0.05) lower than that in the control group (2.66 { 0.18, 2.62 { 0.15 and 3.26 { 0.12 mmol/L, respectively, for 5% PS 5 , 10% PS 5 and control). Serum triglyceride and HDL cholesterol concentrations did not vary significantly among groups. The findings of this study indicate that the cholesterol-lowering activity of psyllium is unaltered by storage conditions shown to cause a moderate degree of hydrolysis.
Miettinen and Tarpila 1989) and animals (Arjmandi et al. Elevated blood cholesterol has been implicated as a major 1992a, Horton et al. 1994 , Matheson and Story 1995, Turley risk factor for coronary heart disease (CHD) 3 (Kannel et al. et al. 1996) suggest that the primary mechanism by which 1971). There is a general consensus that reducing blood cholesdietary soluble fiber lowers cholesterol is through enhanced terol levels will lower the incidence of CHD. There has been synthesis of bile acids and their fecal excretion. The enhanced much interest in the utilization of soluble fiber to lower total elimination of bile acids also results in increased hepatic choblood cholesterol. Findings of various studies suggest that the lesterol synthesis (Arjmandi et al. 1992b , Horton et al. 1994 , incorporation of certain soluble fibers into the diets of humans Turley et al. 1991) . and animals can lower blood cholesterol, particularly LDL choThere are a limited number of studies which have examined lesterol (Truswell and Beynen 1992) .
the effects of processing on certain soluble fibers and their One such soluble fiber is psyllium husk fiber. Clinical studies cholesterol-lowering capacities. In a recent study, Lia et al. have shown that fiber supplements or foods providing about (1995) investigated the effects of b-glucan with and without 10 g psyllium/d reduce LDL cholesterol by Ç5-9% below the enzymatic degradation on the excretion of bile acids from the levels achieved with a prudent diet, American Heart Associasmall intestine of humans. The results of the study supported tion (AHA) Step I, (e.g., Bell et al. 1989 , Levin et al. 1990 , the hypothesis that higher molecular weight b-glucan is more Sprecher et al. 1993 , Stoy et al. 1993 , Wolever et al. 1994 , effective in increasing bile acid excretion than the lower mowithout altering HDL cholesterol or serum triglyceride conlecular weight b-glucan and hence implied a greater effectivecentrations. Studies in both humans (Everson et al. 1992, ness at lowering serum lipid levels. Gallaher et al. (1993) studied the relationship between the viscosity and fermentability of dietary fiber on cholesterol and bile acid metabolism effective in lowering cholesterol in its native form than in its The objectives of this study were twofold: 1) to determine Gamble Co., Cincinnati, OH). The husk used was 95% pure by
Co., Cincinnati, OH); 58 g/100 g psyllium husk fiber.
pharmacopeial methods (USP 1995) and contained Ç8% moisture.
4 Metamucil excipients include maltodextrin, citric acid, aspartame,
The finished product contained 3.4 g psyllium husk per 5.8 g product.
flavors and dyes; provided by Procter & Gamble Co.
Excipients in the product included maltodextrin, citric acid, aspar- polyethylene canisters at either 5ЊC (PS 5 ) or 40ЊC (PS 40 ) for 8 mo.
During this period, samples were drawn at 0, 1, 2, 3, 6 and 8 mo for analysis of specific viscosity and swell volume as described below. step was repeated at 4 and 8 h from the start of the test, and the swell volume was read at 24 h. The average of the duplicate determiSpecific viscosity determination. A viscosity measure was used to determine hydrolysis occurring over time, which was observed under nations is reported. In the standard test, 3.5 g of psyllium husk in psyllium hydrophilic mucilloid must yield no less than 110 mL of gel the higher temperature storage condition. The average molecular weight (M w ) of a polymer can be measured by solution viscometry.
(Ç31.4 mL/g psyllium). Appropriateness of rat model. To conduct the study, cholesterolIntrinsic viscosity [h], defined as reduced viscosity at infinite dilution, is related to the average M w via the Mark-Houwink equation, [h] Å fed rats were used. The rat model was chosen over the commonly used hamster model, in part, because of a concern raised by other KM w a where K and a are constants for a given combination of polymer and solvent (Beyer 1971) . It is determined by plotting reinvestigators (Gallaher et al. 1993 ) that fermentation in the hamster's forestomach may diminish the differences in fiber viscosity. duced viscosity (specific viscosity divided by the concentration of polymer in solution) as a function of varying concentrations. The yAnimals and diets. Seventy-five male Sprague-Dawley rats (Harlan Sprague-Dawley, Indianapolis, IN), age 90 d, were acclimated to intercept is the intrinsic viscosity, usually expressed in deciliters per gram. For measuring relative changes in the M w , when K and a are a standard laboratory nonpurified diet (Teklad diet #8640, Teklad, Madison, WI) for at least 4 d. Using a randomized complete block unknown, the specific viscosity (SV) of a set of sample solutions at a fixed concentration can be used. Specific viscosity is defined as SV design, rats were divided by initial body weight into five groups of 15 rats each. Three animals from each of the five treatments were Å (t s /t 0 0 1), where t s and t 0 are the times (usually in seconds) to flow through a capillary viscometer for the test and solvent solutions, included in every block. Rats were housed individually in an environmentally controlled animal laboratory with a 12-h light:dark cycle. respectively.
An important requirement to measure the M w or SV of a polymer The room was illuminated from 1400 to 0200 h. For 3 wk, rats were freely fed one of the five diets ( Table 1 ) with unlimited access to by viscometry is the availability of a suitable solvent. Guanidine hydrochloride at a concentration of 4-8 mol/L has been used to water. Diets contained 10% cellulose (control); 5 or 10% psyllium stored at 5ЊC (PS 5 ); or 5 or 10% psyllium stored at 40ЊC (PS 40 ) for dissolve proteins or proteoglycans for measuring their molecular weights either by viscometry (Kitchen and Cleland 1978) or gel 8 mo. Diets were formulated to be isocaloric and isonitrogenous, and adjustments were made to account for Metamucil excipients. permeation chromatography (Ui 1981). We found that the psyllium polysaccharide readily dissolves in 4 mol/L guanidine hydrochloride.
Animal necropsy and processing of samples. After 21 d of treatment, at the midpoint of the dark cycle and within a 1-h period, rats Excipients in the product were found not to contribute to the viscosity of the solution (data are not shown). This medium was used for were slightly anesthetized (mixture of ketamine:xylazine, 100:5 ratio, respectively) and were rapidly (õ10 s) injected with 1.85 GBq of solution viscometric studies of psyllium-containing products.
The specific viscosity of solutions of the PS 5 and PS 40 at the same tritiated water ([ 3 H]water) (Amersham, Arlington Heights, IL) in 0.5 mL of isotonic NaCl into the femoral artery of each rat. This time concentrations (3.2 g/L) was measured in duplicate at each time point in 4 mol/L guanidine hydrochloride using a Cannon-Ubbelohde was considered zero time and 4-min intervals were allowed between injections. Sixty minutes later, the animals were anesthetized with (Baxter Healthcare, Deerfield, IL) viscometer. Any change in specific viscosity was attributed to changes in the molecular weight of the ketamine:xylazine mixture, and blood was collected from the abdominal aorta for measuring serum water activity and lipid and cholesterol psyllium polysaccharide.
Swell volume determination. Swell volume is a standard test analyses. Serum was separated by centrifugation at 1500 1 g for 20 min at 4ЊC. Aliquots of serum were frozen and kept at 020ЊC for (USP 1995) used to assess the quality of psyllium husk and psyllium hydrophilic mucilloid. The standard test was modified to improve later analyses. The liver was immediately removed, rinsed with icecold 0.154 mol/L NaCl solution, and processed for determining the sensitivity and reproducibility. Briefly, product equivalent to 0.5 g psyllium husk was added to a 100-mL graduated cylinder and brought rates of [ entire small intestine was removed, freed from any adhering tissues. The intestinal contents were immediately flushed out using isotonic ice-cold sodium chloride solution. The intestines were blotted with cotton gauze, and weighed before measuring the rate of sterol synthesis.
In vivo intestinal and hepatic rates of sterol biosynthesis. The rates of sterol synthesis were assessed in intestinal and hepatic tissues as the primary end points because these rates are more responsive to treatments than plasma cholesterol in this animal model (Arjmandi et al. 1992b , Turley et al. 1991 , making sterol synthesis rate an appropriate measure to detect small changes in fiber potency. A modified method of Dietschy and Siperstein (1965) was used to assess the in vivo hepatic and intestinal rates of sterol synthesis. The modified method has been described elsewhere (Arjmandi et al. 1992b ). The specific activity of serum water used to calculate the rates of tritiated water incorporation into DPS was determined according to the following formula (Jeske and Dietschy 1980):
The small intestine was placed in a 100-mL beaker containing 80 mL 5% alcoholic KOH and saponified on a steam bath with occasional stirring until the tissue was completely dissolved. The dissolved FIGURE 1 Specific viscosity of psyllium during prolonged storage tissue was then brought to a volume of 50 mL using 100% ethanol. into DPS. Aliquots of liver in triplicate ranging from 500 to 800 mg were measured in duplicate at each time point in 4 mol/L guanidine hydrochloride using a Cannon-Ubbelohde viscometer.
were placed in similar glass tubes with teflon caps and saponified in 50% alcoholic KOH in a water bath for 2-3 h. Sterols were extracted twice with 30 mL petroleum ether, and the pooled ether extracts were gently evaporated to dryness under a fume hood. The residue RESULTS was dissolved in 3 1 2 mL ethanol:acetone (1:1) and transferred into centrifuge tubes. The contents of the tube were acidified with a drop Psyllium viscosity. Samples stored for 8 mo at 5 or 40ЊC of 1 mol/L HCl, and sterols were precipitated with 2 mL of 0.5% had average specific viscosities of 1.23 and 0.83, respectively digitonin in 50% ethanol. The digitonin precipitate was washed twice (Fig. 1) . PS 40 exhibited a progressive decline in SV and ap- 29.2 to 30.5 mL/d.
Serum and liver lipid analyses. Serum total cholesterol and tri-
Body and organ weights. The five treatment groups started glyceride (TG) were measured using enzymatic kits (Sigma Diagnoswith similar mean body weights ranging from 336 to 337 g.
tics, St. Louis, MO). Serum HDL cholesterol was determined by
All rats gained weight during the study period with no differprecipitation technique (Sjoblom and Eklund 1989 to the extraction and separation of phases, aliquots of the organic respectively). Relative liver weights (g/100 g body weight) for phase were analyzed for liver total cholesterol. Liver total cholesterol all psyllium-fed groups, irrespective of psyllium dose or storage was determined using a color reagent of glacial acetic acid-FeSO 4 -condition were significantly (P õ 0.05) lower than the 10% H 2 SO 4 (Searcy and Bergquist 1960). Total liver lipids were detercellulose-fed group ( Table 2) . In contrast, the relative small mined using the Folch gravimetric method (Folch et al. 1957) . Briefly, the remainder of the organic phase was evaporated, dried to constant intestine weights of all psyllium-fed groups were significantly weight and weighed to measure total lipids.
greater than that of the 10% cellulose-fed controls.
Statistical analyses. Data analysis (GraphPad Instat Software
Serum total cholesterol, lipoprotein cholesterol and serum version 2.00) involved estimation of means and standard error of total triglycerides. The effects of dietary treatments on serum means for each of the groups (Snedecor and Cochran 1967) . ANOVA total and HDL cholesterol and serum triglyceride are presented was performed to determine whether there were significant (P õ in 
DISCUSSION
The viscosity and the gel-forming ability of dietary fiber have been suggested in a limited number of studies to play important roles in lowering blood cholesterol (Gallaher et al. 1993 , Superko et al. 1988 ) and improving glycemic control (Edwards et al. 1987 , Jenkins et al. 1978 . Because of its viscosity, dietary fiber is believed to interfere with cholesterol and/or bile acid absorption (Carr et al. 1996, Eastwood and Morris 1992) , thereby reducing blood cholesterol levels. The hypocholesterolemic action of a given fiber might be predicted based on its ability to form gel in vitro before ingestion. The concerns are at least twofold: 1) that factors such as heat, acid and specific nonmammalian enzymes can cause hydrolysis of dietary fibers and hence result in reduced viscosity and capability to form firm gels and 2) that the exposure of viscous dietary fiber to the gastric environment and juices may substantially lower the original viscosity measured in vitro (Edwards et al. 1987) , thereby making the in vitro viscosity and gel-forming ability of the polysaccharides less meaningful. In spite of these limitations, reporting the in vitro viscosity might at a minimum allow more confident comparisons of results across studies.
FIGURE 2 Swell volume of psyllium as a function of specific vis-
Although we are not aware of any studies in which the cosity during prolonged storage at 40ЊC. The psyllium was formulated relationship between psyllium's viscosity and its cholesterolinto a dry powdered beverage mix and stored in high density polypropylene cannisters. The specific viscosity of solutions of the samples at lowering functionality has been reported, it is reasonable to a fixed concentration (0.32%) were measured in duplicate at each time assume that incomplete hydrolysis of psyllium could result in point in 4 mol/L guanidine hydrochloride using a Cannon-Ubbelohde loss of its hypocholesterolemic effect despite the analytical viscometer. To measure swell volume, product equivalent to 0.5 g psyldetermination of an unchanged amount of dietary fiber. In this lium husk was added to a 100-mL graduated cylinder and was brought study, we examined the effect of hydrolysis caused by rather to volume with distilled water. The cylinder was capped and inverted harsh storage conditions (40ЊC for 8 mo). All polysaccharides several times until a uniform suspension was achieved. The inversion experience partial hydrolysis under such an accelerated aging step was repeated at 4 and 8 h from the start of the test, and the swell condition.
volume was read at 24 h. The mean of duplicate determinations is Our findings suggest that a moderate variation in the viscosreported. The 6-mo time point was deleted as an outlier for swell volume ity of psyllium via hydrolysis does not significantly alter its because it was outside the 95% confidence interval for a linear regression which included all of the data.
effect on cholesterol metabolism. The lack of psyllium standards of known molecular weight limited our ability to convert the change in viscosity to an absolute change in molecular Hepatic lipids, cholesterol and sterol synthesis. Groups that received psyllium had significantly lower liver total lipids and weight. However, the well-understood conditions for hydrolysis to occur, combined with the absence of excipient effects total cholesterol compared with control rats (Table 3) . Psyllium feeding at both 5 and 10% and at either viscosity significantly on viscosity and the correlation of SV to swell volume, leave no doubt that hydrolysis of the psyllium was indeed taking (P õ 0.05) increased the rates of hepatic sterol biosynthesis (Fig.  3A) . When hepatic rates of sterol synthesis were expressed in place.
The robust activity of the psyllium in this study may be terms of the whole liver, results were similar (Fig. 3B) .
Small intestinal sterol synthesis. The intestinal rates of due in part to its initial quality, which, although typical of the quality used in the commercial product, exceeded USP sterol biosynthesis were also greater in rats fed psyllium. When the rates were expressed per gram of small intestine, the differstandards for purity (95% pure husk vs. 85% minimum requirement) and swell volume (about 70 mL gel/g psyllium in finences were significant (P õ 0.05) in all groups except those fed 5% PS 5 (Fig. 3C ). When the rates of sterol synthesis were ished product vs. Ç31.4 mL/g minimum). It should be noted that the product still met or exceeded all USP tests for psyllium expressed in terms of the whole small intestine, the differences were significant (P õ 0.05) in all of the psyllium-fed groups hydrophilic mucilloid after 8 mo storage at 40ЊC. However, the overwhelming majority of clinical trials in which psyllium compared with the cellulose-fed controls (Fig. 3D) . was evaluated for hypocholesterolemic activity have reported for psyllium, clinical trials remain the ultimate proof of an efficacious product. cholesterol-lowering effects (Anderson et al. 1990 ). This suggests that the hypocholesterolemic property of psyllium is gen-
The findings of this study confirm that feeding 5 or 10% psyllium can profoundly alter cholesterol metabolism in rats, erally present and preserved despite variations in husk quality and current practice in formulation, processing and storage particularly as judged by observing the sensitive measure of hepatic sterol synthesis. In this study, significant alterations in conditions. The results of this study cannot predict the sustained effectiveness of lower grades of psyllium or psyllium cholesterol metabolism were acheived by either of the psyllium doses, suggesting that a threshold level for the effectiveness of which has been subjected to harsher processing or storage conditions. At this point, given the lack of reference standards psyllium has to be defined. Several clinical trials (e.g., Ander- son et al 1988 , Bell et al. 1989 , Levin et al. 1990 , Sprecher fiber and cholesterol influence in vivo hepatic and intestinal cholesterol bioet al. 1993, Stoy et al. 1993 , Wolever et al. 1994 ) indicate synthesis in rats. J. Nutr. 122: 1559 Nutr. 122: -1565 that doses of psyllium ranging from 3.6 to 24.2 g on a daily basis Bell, L. P., Hectorne, K., Reynolds, H., Balm, T. K. & Hunninghake, D. B. (1989) Cholesterol-lowering effects of psyllium hydrophilic mucilloid. Adjunct therapy lower blood cholesterol by 5-20%. Based on these studies, the to a prudent diet for patients with mild to moderate hypercholesterolemia. J.
dose-response curve in humans does not appear to be steep. 
